Integration of Geothermal Exploration Data and Numerical Simulation Data using GIS in a Hot Spring Area  by Higuchi, Satoru et al.
 Procedia Earth and Planetary Science  6 ( 2013 )  177 – 186 
1878-5220 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer review under responsibilty of Institut Teknologi Bandung and Kyushu University.
doi: 10.1016/j.proeps.2013.01.024 
International Symposium on Earth Science and Technology, CINEST 2012 
Integration of Geothermal Exploration Data and Numerical Simulation Data 
Using GIS in a Hot Spring Area 
Satoru HIGUCHI1, Jun NISHIJIMA2 and Yasuhiro FUJIMITSU2 
1 Department of Earth Resources Engineering, Graduate School of Engineering, Kyushu University, Fukuoka 819-
0395, Japan 
2 Department of Earth Resources Engineering, Faculty of Engineering, 
Kyushu University, Fukuoka 819-0395, Japan 
 
Abstract 
We usually create a geothermal conceptual model based on various exploration data. After that, we construct a 
numerical model for geothermal resource evaluation. In this study, we selected a hot spring area in Fukuoka city 
where a numerical model was constructed in the previous study as a study area. And we tried to conduct 
preprocessing and post-processing of a numerical model and to calculate geothermal resources in the hot springs 
area by using GIS. 
As a result, GIS provided us a more objective model which reflects exploration data better than the past model. 
Though it is difficult to judge which model is correct, we can say that using GIS is very useful in terms of conducting 
numerical simulation objectively and efficiently. In evaluation of geothermal resources, we calculated resources by 
volumetric method. We usually use the average values of temperature, physical properties, etc. for the calculation in 
volumetric method. However, GIS can compute the resources by more strict calculation method, namely GIS can 
calculate the resources with distribution of temperature and physical properties. Assuming that the lower limit 
temperature for using geothermal resources is 40 , the estimated abundance of heat is 1.14×1013kJ. 
 
1. INTRODUCTION 
Various explorations are conducted for geothermal resource evaluation in a geothermal area. We create a 
geothermal model based on the various exploration data, but it is often created in an arbitrary manner. So in this 
study, by using GIS, we attempted to eliminate the arbitrariness as much as possible and to create a geothermal 
model objectively. And we also attempted to calculate geothermal resources by more strict method with GIS. In 
addition, we used GRASS ver.6.2 as GIS software (GRASS Development Team, 2012) in this study. 
 
2. STUDY AREA 
Study area is the Ijiri and Yokote area, southern part of Fukuoka city. This area is non-volcanic hot springs district, 
where temperatures of 35~50  have been recorded at 100 m below ground by well logging. Figure 1 shows the 
location of the study area. 
 
Figure 1. Map of the Ijiri-Yokote area 
 
3. HYDROTHERMAL CONCEPTUAL MODEL 
In study area, gravity survey, gamma-ray survey, well logging, etc. had been conducted in the past. Figure 2 shows 
depth of basement rock, gamma-ray anomalies, and the location of the wells in the study area. Depth of basement 
rock is calculated based on gravity survey data and it indicates depth of granite. As for gamma-ray anomalies that 
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are shown in Figure 2, we took the counts per minute of 214Bi and 208Tl which are more than <average + standard 
deviation>. 
In the previous study, a hydrothermal conceptual model (see Figure 3) has been estimated comprehensively from all 
the above surveys data, underground temperature profiles and geological columns. We used this model as a 
hydrothermal conceptual model. 
As you can see in Figure 2, there are many 214Bi and 208Tl anomalous stations in the ellipseregions of dotted line. In 
this neighborhood, it is highly possible that the fracture zones exist, so we can estimate that hot spring water is 
rising in these areas. Also according to Oba (2004), we can infer that these gamma-ray anomalies are not concerned 
with the fault but with a high permeability zone shown in Figure 3, because hot spring s rising portion doesn t exist 
in the fault estimated from the gravity survey. In addition, it is considered that the gamma-ray anomaly based on hot 
water varied as shown in Figure 3, and existence of high permeability zone that differs from the fault can be 
estimated from the profiles of underground temperature (Oba, 2004). Namely, it is possible that hot water from the 
deeper part in the study area climbs upward granite layer through the fault, on the way, branches from the fault to 
high permeability zone, and hot water aquifer is formed (Oba,2004). 
The displacement of granite layer based on the fault shown in Figure 3 reflects the gravity data. According to 
Fukuoka prefecture (1997), the fault in the study area is a reverse fault; therefore, steeply dipping part at the 
southwest side in Figure 2 is expressed as a reverse fault as shown in Figure 3. 
 
Figure 2. Superimposing surveys data by GRASS GIS 
 
 
Figure 3. Hydrothermal conceptual model (Oba,2004) 
 
4. MAKING OF BLOCK LAYOUTWITH GIS 
4.1. Summary 
In this study, we conducted numerical simulations of hydrothermal system. Input file is needed to simulate. It should 
have initial condition, boundary condition, rock properties, and block layout that shows underground structure. 
Especially, it takes a lot of time to make block layout, and block layout tends to be arbitrary if the data is scarce. In 
this study, by using GRASS GIS, we aimed to increase the objectivity and efficiency of making block layout, and 
we created new block layout in the study area by combining hydrothermal conceptual model data that has been 
estimated in the past study and data analyzedby GRASS GIS. The rough flow of making block layout with GIS is as 
follows. 
 Making of grid in the study area 
 Making of geology data 
 Making of fault data 
 Making of high permeability zone data 
 Assigning geology, fault, and high permeability zone data to the grid 
 Converting plan (x,y) data to section (x,z) data (block layout) 
 
4.2. Making of Geology Data 
Geological information is one of the necessary elements to decide a geothermal structure. In this study, in order to 
express the shallower part of block layout in detail, we made geological plans every 10 m from geological sections 
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(Group for making Fukuoka ground map,1992) with GRASS GIS and assigned the data to the block layout. The 
method of making geological data is based on Masumoto (1999). Figure 4 is the example of geological plan made 
by GRASS GIS. 
 
Figure 4. Example of geological plan 10 m ASL 
 
4.3. Making of Fault Data 
The existence of fault has been estimated in the study area. We made fault data in block layout with GRASS GIS on 
the basis of the hydrothermal conceptual model (Oba,2004). 
 
4.4. Making of High Permeability Zone Data 
214Bi and 208Tl exist in underground, and many 40Kexist naturally. Gamma-ray survey is to measure gamma-ray 
intensities that 214Bi, 208Tl and 40K radiate. We can detect cracks in underground such as a fracture zone from these 
intensities. The existence of high permeability zone has been estimated to be developed locally from gamma-ray 
survey in the study area. Therefore, we made the high permeability zone in block layout with GRASS GIS based on 
the gamma-ray survey data (214Bi,208Tl,214Bi/40K,208Tl/40K).We tookgamma-ray data which are more than <average + 
standard deviation> as gamma-ray anomaly. In raster data of 214Bi,208Tl,214Bi/40K, and 208Tl/40K, we made each 
buffer with radius of 60m, and we made high permeability zone on the condition that the places where2 or more 
buffers overlap are high permeability zone (see Figure 5). 
 
Figure 5.Overlapping of buffer of gamma-ray anomalies. 
 
The category ofa buffer is 2; therefore, the places where2~4 buffers overlap are expressed 4 or 6 or 8. 
 
4.5. Comparison of Block Layout 
We draw a comparison between the block layout made by GIS and that by Oba (2004). Figure 6 shows the location 
of high permeability zones made by GRASS GIS and that by Oba (2004). Figure 7 shows an x-z cross-section at 
j=22 made by GRASS GIS and that by Oba (2004). Since the fault of block layout made by GRASS GIS is based on 
the Oba s conceptual model, it is almost similar to the block layout by Oba. However, there are large differences in 
the high permeability zones and the shallower part of block layout. The differences are detailed below. 
High permeability zone 
Oba(2004) has estimated the location and range of high permeability zone from gamma-ray anomaly distribution of 
214Bi and 208Tl, and it has been located locally. However, it seems that Oba(2004) has laid high permeability zone in 
an arbitrary manner because it also has been laid on the place wheregamma-ray anomaly of 214Bi and 208Tl is not so 
dense. On the other hand, this study could eliminate the arbitrariness of estimating, because we have estimated the 
high permeability zones under certain conditions with GRASS GIS. Furthermore, high permeability zone estimated 
with GIS is laid on more locally and attributively than that of Oba (2004). By using GIS, we could lay on high 
permeability zone more attributively and objectively than ever before. 
Shallower part of block layout 
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The Oba s block layout doesn t express the topography, and its geological structure is a simple two-layer structure: 
3 blocks from the top are sedimentary layer, and blocks below the 3 blocks are granite layer (see Figure 7). On the 
other hand, in this study with GIS, we incorporated geological data every 10 m ASL into the shallower part of block 
layout to express it in more detail. This enabled us to express the topography (see the dotted line in Figure 7) and the 
thickness of sedimentary layer that differs in the location. By using GIS, we could express the shallower part of 
block layout in more detail than ever before.
 
Figure 6. Location of high permeability zones 
 
 
Figure 7.x-z slice at j=22 
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5. NUMERICAL SIMULATION 
5.1. Summary 
In this study, in order to simulate hydrothermal system, we usedsimulator, HYDROTHERM -Version2.2(Hayba and 
Ingebritsen, 1994) that can treat the flow of multiphase fluid three-dimensionally. The simulation area has a 
calculating area and a buffer area. This buffer area is established foreliminating effects of boundary conditions. And 
we classified the rock type into 5 types, which are sedimentary layer, granite, fault-1 whose permeability is high, 
fault-2 whose permeability is low, and high permeability zone. 
 
5.2. Initial Condition 
The surface temperature is 16 , and the terrestrial heat flow is 60 mW/m2, which are the same values as the 
simulation by Oba (2004). The geothermal gradient is 0.029 /m. The pressure of surface was fixed to 1.013 bars, 
and the pressures below the surface are distributed in accordance with hydrostatic pressure gradient. 
 
5.3. Boundary Condition 
At the top of the model, the hydrological boundary condition is permeable. As the thermal boundary condition, the 
surface temperature is fixed to 16 , assuming that it is thermally equilibrium condition at any time between the 
surface and the atmosphere. At the lateral side and bottom of the model, we established the buffer area to eliminate 
effects of the hydrological and thermal boundary conditions. The property value of the buffer area is the same as the 
calculating area. The lateral side and bottom of the buffer area are impermeable. In addition, we injected hot water 
from the fault which is located at the bottom block and has high permeability (fault at i=6 in Figure 7). 
 
5.4. Rock Properties 
Table 1 shows rock properties which we used for simulation. 
Table 1. Rock properties 
 Granite Sedimentary layer Fault-1 Fault-2 High permeability zone 
Heat capacity 
(J/gK) 0.84 0.84 0.84 0.84 0.84 
Density 
(g/cm3) 2.7 2.2 2.5 2.5 2.5 
Porosity 
(unit less) 0.02 0.17 0.15 0.15 0.15 
Thermal 
conductivity 
(W/mK) 
2.1 2.1 2.1 2.1 2.1 
Inject hot water which has constant temperature and mass flow 
from the fault which is located at the bottom block. 
 
 
5.5. Simulation Results 
On the conditions shown above, we injected hot water from the fault of the bottom block, and conducted numerical 
simulation for 10000 years. We used the underground temperature profiles of Well-KK, Well-AB, and Well-SI as 
fitting parameter, and fitted calculated values to the measured values. We conducted the fitting mainly by changing 
the temperature of injecting hot water and the permeability values of the sedimentary layer, high permeability zone, 
and fault. Table 2 shows the properties (permeability of each rock type and temperature of injecting hot water) of 
when we obtained good fitting. As a result of numerical simulation, Figure 8 shows the contour of underground 
temperature and flow pattern, and Figures 9-11 show the temperature profiles of the measured value and calculated 
value at Well-KK, Well-AB, and Well-SI. Also, Table 3 and Figures 12-14 show the properties and the temperature 
profiles of simulation by Oba (2004). 
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Table 2. Properties of the simulation 
 Granite Sedimentary layer Fault-1 Fault-2 High permeability zone 
x,y,z permeability 
(mdarcy) 1 90 80 5 70 
Inject hot water which has 58  and mass flow from the fault 
which is located at the bottom block. 
 
 
Figure 8. Temperature and flow pattern at 10000 years 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Temperature profiles of Well-KK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Temperature profiles of Well-AB 
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Figure 11. Temperature profiles of Well-SI 
 
 
Table 3. Properties of Oba (2004) s simulation 
 Granite Sedimentary layer Fault-1 Fault-2 High permeability zone 
x,y,z permeability 
(mdarcy) 1 40 50 5 30 
Inject hot water which has 55  and mass flow from the fault 
which is located at the bottom block. 
 
 
Figure 12. Temperature profiles of Well-KK (Oba,2004) 
 
 
Figure 13. Temperature profiles of Well-AB (Oba,2004) 
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Figure 14. Temperature profiles of Well-SI (Oba,2004) 
 
First, looking at Figure 8, we can tell that hot water from the deeper part climbs upward through the fault, and flows 
in the high permeability zone. It would appeared that the detection of gamma-rayanomalies on the ground is due to 
this flow. Next, in the Well-SI (Figure 11), some parts of the calculated value don t match the measured value 
because the measured temperature profile isn t a smooth curve. On the other hand, the Figure 9 and Figure 10 
suggest that the calculated valueof the block model made by GRASS GIS is as well accorded with the measured 
value as the results of the simulation by Oba (2004) (Figure 12 and Figure 13). 
In this study, by conducting all of the making block layout with GRASS GIS, we could make the objective model 
which reflects each exploration data, and made it efficiently. In terms of fitting with measured value and calculated 
value, the results of simulation is not improved dramatically, however, in terms of conducting simulation objectively 
and efficiently, we can say that using GIS is very useful. 
 
6. EVALUATIONOFGEOTHERMALRESOURCES WITH GIS 
We incorporated the calculated results of numerical simulation into GRASS GIS as plane data by each elevation 
(see Figure 15). We calculated thermal abundance and heat discharge from the incorporated data of each block with 
GRASS GIS. 
 
Figure 15. Example of plane distribution of temperature -230 m ASL 
 
6.1. Calculation of Thermal Abundance 
We calculated thermal abundance by the volumetric method. Thermal abundance was calculated by the following 
equation (Wakeyama, 2007). 
VCCTTH wpwrprfrS })1){((  
Table 4. Equation symbols 
SH  Thermal abundance(kJ) 
rT  Reservoir temperature( ) 
fT  Lower limited temperature for use( ) 
 Rock porosity( ) 
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prC  Rock specific heat(kJ/kg ) 
pwC  Specific heat of geothermal fluid(kJ/kg ) 
r  Rock density(kg/m
3) 
w
 Density of geothermal fluid(kg/m3) 
V  Volume of reservoir(m3) 
 
In Table 4, the value of Tr varies at different block,and the value of  and rvary with type of the rock. GRASS GIS 
can incorporate data of the properties and temperature in each block as plane data in depth direction. Thus we are 
able to calculate geothermal resources by strict calculation method with the properties and temperature of each block 
without averaging various values of each block. When the lower limit temperature for using geothermal resources is 
40 , the geothermal abundance of this area (740m×740m×750m)is 1.14×1013kJ. Also, assuming that we use this for 
30 years, the thermal abundance is 12.0 MWt. 
 
6.2. Calculation of Heat Discharge 
The block layout of this study is expressing the topography (see the dotted line in Figure 7). We referred to the block 
corresponding to the ground surface as block1, and to the block that is located one block below block1 as block2. 
Therefore, block1 consists of the block 10 m ASL or the block 0 m ASL, and block2 consists of the block 0 m ASL 
or the block -10 m ASL. 
Heat discharge based on thermal conduction 
Heat discharge based on thermal conduction was calculated by using the following equation. Table 5 shows symbols 
of the equation. 
S
dZ
TTKQconductive
312 1060
 
Table 5. Equation symbols 
conductiveQ  Heat discharge based on thermal conduction(W) 
K  Thermal conductivity (W/m ) 
1T  Temperature of block1 ( ) 
2T  Temperature of block2 ( ) 
dZ  Distance of depth direction (m) 
S  Square measure (m2) 
In addition, terrestrial heat flow is 60 mW/m2 at the bottom of model as the thermal boundary condition. Therefore, 
we deducted the terrestrial heat flow 60 mW/m2, and calculated heat discharge based on thermal conduction with 
only the positive values. 
Heat discharge based on thermal convection 
Heat discharge based on thermal convection was calculated by using the following equation. Table 6 shows symbols 
of the equation. 
SHVQ Zconvective  
 
Table 6. Equation symbols 
convectiveQ  Heat discharge based on thermal convection (W) 
ZV  Mass flow of upward direction (kg/sec m2) 
H  Specific enthalpy of steam or hot water (J/kg) 
S  Square measure (m2) 
The data of mass flow of upward direction is the mass flow of block1. We used the specific enthalpy of block2 as 
specific enthalpy because the ground surface (block1) is fixed to 16 . Therefore, the heat discharge based on 
thermal convection was to some extent overvaluation. 
Within the range of 740 m ×740 m, heat discharge based on thermal conduction is 0.62 MW, and heat discharge 
based on thermal convection is 0.27 MW. 
 
 &21&/86,21
GIS provided us more objective model which reflects each exploration data better than the previous model. As for 
the results of the fitting of this numerical simulation, though it has not been improved dramatically, in terms of 
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conducting simulation objectively and efficiently, we can say that using GIS is very useful. In addition, we could 
calculate geothermal resources easily by strict calculation method because GIS is able to perform various 
calculations based on exact location. In the future,calculation of geothermal resources with GIS will be considered 
as one of the method of calculating geothermal resources from the results of numerical simulation. 
 
ACKNOWLEDGMENT 
This work was supported by the JSPS International Training Program (ITP). The author is grateful for financial 
assistance provided by ITP. 
 
REFERENCES 
1. Fukuoka prefecture, Investigation Entrustment Report onNishiyama fault system, Minou fault system 
and Kego fault system, Part , Investigation of Kego fault system (1997). 
2. GRASS development team, Welcome to GRASS GIS, (2012) http://grass.fbk.eu/ 
3. Group for making Fukuoka ground map, Fukuoka ground map (south part), FUKUOKA 
GEOTHECHNICAL CONSULTANS ASSOCIATION (1992). 
4. Hayba, D.O. and Ingebritsen, S.E,The computer model HYDROTHERM, a three-dimensional finite-
difference model to simulate ground-water flow and heat transport in the temperature range of 0 to 
1200 , Water-Resources Investigation Reportpp.94-4045, USGS, (1994). 
5. Masumoto, S., Introduction to GRASS GIS in Earth Sciences, The sixth (1999). http://www.sci.osaka-
cu.ac.jp/~masumoto/vuniv99/gis06.html 
6. Oba, Y., Analysis of underground structure and simulation of hot water flow on low-temperature 
hydrothermal system - the Ijiri and Yokote area, south part of Fukuoka city -, Master thesis in fiscal 
2003 (2004). 
7. Wakeyama, T., Systematization and Accuracy Improvement of The Renewable Energy Assessment by 
Introducing GIS, Geothermal AndVolcanological Research Report of Kyushu University, 16, pp.46~55 
(2007). 
 
 
 
 
